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Introduction

58
In the European Union, buildings are responsible for nearly 40 % of final energy consumption and 36 % 59 of the greenhouse gas emissions [1] . The emissions reflect both direct emissions, from the use of gas or oil 60 for heating purposes, and indirect emissions through the use of electricity and district heat. The concept of 61 zero energy buildings (ZEB) was introduced in the recast of the Energy Performance of Building's 62
Directive (EPBD) in 2010, to make the buildings a part of the solution to combat GHG emissions and 63 increase security of supply, by incentivising local energy production as well as energy efficiency. 64
A'nearly ZEB' is an energy efficient building with low energy demand that to a high extent is covered by 65 on-site generated renewable energy [1] . Because ZEBs need on-site energy generation in order to 66 compensate for their energy use, they will inevitably become an active and integrated part of the energy 67 system. This paper, aims to identify which factors that determines the grid impact of ZEB buildings, i.e. 68 how they interact with the electricity grid. 69
Definition of ZEB buildings 70
According to the EPBD each member state must develop a definition of the 'nearly zero energy building', 71 including a ZEB methodology, and how 'near' zero the ZEB target should be. Even though the definition 72 can be set individually, the framework of how to calculate the energy balance is given by the EPBD [2] as 73 follows (see Eq. (1)): the weighted annual energy imports to the building, subtracted the annual weighted 74 energy exports from the building, summed over all energy carriers, i. The weighting is done by use of 75 weighting factors f, which are unique for each energy carrier. Using primary energy factors, lead to a Zero 76
Energy Building (ZEB), whereas using CO2 factors lead to a Zero Emission Building or Zero Carbon 77 Building (ZCB). However, in the following, whenever using ZEB, it embraces both ZEB and ZCB. 78 imported exported
When the balance is strictly zero (G = 0), the building is a 'strictly' ZEB. To fulfil the target of a strictly 79 ZEB can be challenging as the weighted on-site energy generation must equalize the weighted energy 80 consumption of the building 1 . The target is fulfilled by reducing the consumption through energy 81 efficiency measures, and/or applying on-site electricity generation [3] . However, it is also possible to relax 82 the strictly zero target by letting G > 0, heading for a 'nearly' ZEB. Thus, maybe the most important 83 element of the ZEB definition is determining the level of ZEB. 84
Another element of the ZEB definition is what energy consumption to include in the energy balance. For 85 example, some claim that energy used for elevators or equipment, such as computers or IT-servers, are 86 dependent on the user and should not be a part of the energy balance of the building [4] . While others 87
claim that not only all the energy consumed by the building, but also embodied energy of the materials 88
and construction of the building should be included [5] . 89
Summed up, the definition of ZEB that each member state is free to decide, has the following elements: 90 1) the metric of the weighting factor (primary energy or CO2) 91
2) the value of the weighting factors (see examples in Table 4 Previous work in Lindberg et al. [6] show that when applying the ZEB target on a Norwegian building it 96 mainly affects the energy imports for heat because the electric specific demand of the building (i.e. 97 electric equipment and lighting), cannot be replaced by other energy carriers than electricity. This is 98 confirmed in Noris et al. [7] which shows that the weighting factors influence the preferred heat 99 technology choice. In many European countries, bio energy has the lowest weighting factor because of its 100 renewable status, thus making a bio boiler the preferred heat technology choice [7] . As an example, when 101 using the European primary energy factors [2], the weighted energy imports for heating is reduced by a 102 ratio 2 of 13 if using a bio boiler rather than a heat pump. 103
ZEB's grid impact 104
The on-site energy generation in ZEBs often tend to be large PV installations, which is confirmed by 105 several case studies in e.g.
[7]-[12], even though the technology choices may also comprise solar thermal 106 (ST) modules, micro-wind turbines or micro-CHPs. However, building integrated micro wind turbines 107 have challenges with noise and vibrations [13] , and a ZEB with CHP still needs to compensate for the gas 108 imports. Solar thermal can provide heat in summer time, but cannot contribute to the energy exports from 109 the building unless it is attached to a district heating grid. 110
One of the challenges of ZEBs in northern European countries is that heat demand occurs in winter when 111 PV generation is low, thereby making the building importing energy in winter both for heat and electricity 112 demand. To fulfil the zero energy balance of the ZEB building, the electric power system must serve as a 113 seasonal storage that is 'charged' in summer and 'depleted' in winter. This is also known as the seasonal 114 'mismatch' problem [14] . As electricity needs to be consumed the instance it is produced, there has to be 115 enough electricity demand in the rest of the power system, which can utilize the exported electricity from 116
ZEBs in summer. Likewise, the power system must be able to provide the ZEB buildings with electricity 117 in winter. 118
Hourly or instantaneous 'mismatch' is another challenge of the ZEBs. Due to the often large PV 119 installations of ZEB buildings, grid challenges, such as over-voltages, may occur in summer when many 120
ZEBs are located within a geographically small area [15] . To ease the mismatch problems of the 121 individual ZEB buildings, research on local energy systems for small areas are emerging (see e.g.
[16]-122
[18]). The idea is to exploit the characteristics of different energy sources and technologies, e.g. PVs, 123 micro-CHPs and micro-wind, with the different energy demand profiles, e.g. service buildings and 124 residential buildings, and additionally applying smart control on top of it all. Having a local energy system 125 perspective rather than a building perspective [17] , showed that the seasonal mismatch problems of the 126 local area can be reduced, even though the mismatch problems of the buildings are unchanged. 127
As the focus in this paper is on a building level, the identified grid challenges of ZEBs are attached to both 128 the seasonal and hourly mismatch problems. It is of vital importance to communicate where policy makers 129 can contribute to ease the grid challenges, but still being able to fulfil the ZEB target given by the EPBD.
130
This paper identifies how the definition of ZEBs and the current energy market conditions and taxes 131 impact the grid challenges of ZEBs. In the literature, the grid challenges are analysed by using several grid 132 indicators (see Salom et al. [8] for a thorough explanation). In this paper, we focus on the graphical 133 presentation of the net electricity load profiles, as they show the building's maximum import and export 134 values and annual electricity exports in an informative way. The self-consumption rate and additional grid 135 connection capacity (GM values) are also presented. 136
The aim of this study 137
The aim of this study is to identify the most important factors that affect the ZEB's grid impact. A case 138 study of a German multi-family house (MFH) is performed, where several input parameters are varied, 139 regarding both energy market conditions and the definition of ZEB. We use a mixed-integer optimisation 140 model, which is introduced and described in Lindberg et al. [6] , hence only a brief introduction of the 141 model concept is given in this paper. Figure 1 . 166 
167
The ZEB target is in this case study defined to include operational energy consumption, i.e. embodied 168 energy is not taken into account. Even though the target is set on an annual basis, the energy consumed 169 and generated are calculated each hour, making the building importing electricity in some hours, and 170 exporting electricity in other hours. 171
The inputs to the model described in Section 2.2 are fitted to the climatic conditions and energy market 172 conditions for the region of Berlin. This especially affects the heat demand of the building, the hourly 173 COP of the heat pumps, the energy generation from ST and PV panels, and the feed-in-tariffs of electricity 174 from PV and CHP. The lifetime of the building is set to 40 years, and the calculations are done with a 175 discount rate of 4 %. 176
Cost optimisation model -in brief 177
This section briefly describes the cost optimisation model which is implemented in MOSEL Xpress [19] . 178
For an in-depth description, see Lindberg et al. [6] . 179 Figure 2 illustrates the basic idea of the model, where total costs are minimised, based on inputs of 180 technology costs, prices and the building's energy demand. Hence, the optimal investments and operation 181 of the building are decided simultaneously. The main outputs are capacity sizes of the chosen energy 182 technologies, together with their hourly fuel consumption. Accordingly, the building's hourly net electric 183 load profile is found, which forms the basis for analysing the grid impact. 184 Figure 2 Model description with main inputs and outputs. Grid impacts are consequences of the optimal design and operation.
185
The objective function π represents the net present value of the total costs of the energy system within the 186 building, which depends on the installed capacity, 
195
The electricity balances of the building, given in Eq. (3)- (6), are influenced by the special electricity tariffs 196 in Germany (see Section 2.3.2). As described graphically in Figure 3 , the tariff structure makes it 197 necessary to keep the flows of self-consumed electricity The net electric load profile of the building, ne t , is equal to the electricity imported subtracted the 204 electricity exported from the building to the grid, as presented in Eq. (7), and illustrated in Figure 3 . 205 
Hourly COP for air source and ground source heat pumps 220
The heat pump models for air source heat pump (ASHP) and ground source heat pump (GSHP) take the 221 supply temperature into account. The heating curve used to determine the supply temperature for space 222 heating is shown in Figure 4 , and the average supply temperature of the DHW is assumed to be 55°C. 223
Together with the COP models presented in [6] , and the heat demand determined in Section 2.2.1, the 224 hourly COPs for 2012 for Potsdam are found (see Figure 5 ). 225 
Investment cost of heat storage in energy terms 228
The heat storage is formulated as a single node, serving both DHW and SH demand. As the cost of the 229 accumulator tank is determined by the volume, given in EUR/liter, the temperatures in the storage is 230
needed to obtain the cost per heat capacity in EUR/kWh. The conversion factor  is found by multiplying storage, but rather how much energy that is available for being utilised by the model. In this case study, 235
we assume the ∆T to be 30°C, reflecting an average maximum temperature of 60°C, and an average 236 minimum temperature of 30°C. 237
Solar thermal efficiency 238
The model of the solar thermal collector (ST) presented in [6] , takes the temperature of the water from the 239 collector, collector T , into account. The ST heat is often supplied to the bottom of the storage tank, and thus 240 the collector temperature is assumed equal to the lower temperature of the storage, 30°C. In real life, 241 dependent on the control of the system, the temperature from the ST will vary every hour and might reach 242 up to 90°C in summer. However, a higher value of collector T decreases module efficiency, and the 243 assumption of 30°C gives an optimistic value for the efficiency of the ST collector. When investigating 244 the results in Section 3, ST is not found as an economic optimal technology choice, even with the higher 245 efficiency, indicating that the 30°C collector temperature is not a limiting factor of the model. 246
Available roof and façade area 247
The findings of the case studies in Noris et.al. [7] show that the available façade and roof area for 248 installation of ST or PV might be a limiting factor in order to reach the ZEB balance. However, as the 249 main intention of this paper is to analyse the ZEBs if everything is possible, it is decided to let the 250 available façade and roof area be without limitations. 251
Technology costs and energy prices 252
This section presents the costs and efficiencies of the energy technologies implemented. The energy 253 market conditions for Germany is presented through fuel prices, and special electricity tariffs. 254
Technology costs and efficiencies
255
A newly built house needs to install energy technologies at the time of construction which fits to its 256 demand. As the specific technology costs (EUR/kW) are assumed constant, they must be collected for the 257 appropriate size of the building in question [6] . In this paper, investment costs are collected for heat 258 technology sizes of 5-10 kW to fit the heat demand found in Section 2.2.1. The minimum capacity of the 259 boilers, if invested, is set to 5 kWth, which equals 3,2 kWel for the CHP. 260 The efficiencies of the energy technologies are given in Table 2 , where the calculated seasonal average 263 COP is based on the hourly COP in Figure 5 . The CHP has a constant relationship between the electricity 264 and heat efficiency, so if 1 kWh heat is needed, the unit simultaneously generates 0,63 kWh electricity. 265
The last row of the table shows the hour-by-hour dispersion factor of the heat storage which is not the 266 same as the seasonal average efficiency of the storage. 267 being replaced by a market premium model, depending on the actual price of electricity in the EEX-273 market each hour instead of a fixed feed-in. Even though the income varies from hour to hour, the overall 274 income for the building owner should be more or less unchanged [33] . Therefore, for simplicity reasons, 275 the selling price of PV electricity, is set equal to the FiTPV which is constant for all hours. Due to the 276 current resistance to the EEG-tax in Germany, on-site electricity generation directly self-consumed by the 277 building must pay 30 % of the EEG-tax, which equals 1,85 ct/kWh [33] . 278
Fuel prices 279
Representative fuel prices are based on current offered contracts in Germany. The contracts for fuels 280 attached to a distribution grid have a fixed annual charge and a specific energy charge, as shown in Table  281 3. Notice that the price for electricity used for heat pumps is 5 ct/kWh lower compared to the general 282 electricity price [34] . 283 factors (PEnr) reflect the amount of non-renewable energy required to attain 1 kWh of the respective 289 energy carrier, whereas the total primary energy factors (PEtot) reflect the total use of energy, both 290 renewable, fossil and nuclear, per kWh. Comparing PEnr and PEtot, the major difference occur for 291 bioenergy which increases by 1. Another alternative of the PE factor is to apply asymmetric factors to 292 electricity, which value exported electricity less than imported electricity, in order to increase the 293 incentive for self-consuming on-site generated electricity. 294 
Results
297
In the Introduction, four elements of the ZEB definition was identified. As it is already defined that all 298 consumed energy is included in the ZEB balance, the first three of these four elements are investigated in 299 the following; i.e. 1) the metric of the weighting factors, 2) the value of the weighting factors, and 3) the 300 level of ZEB. The first sub-section investigates the impact on the energy system design of the building, 301 and the second sub-section analyses the corresponding grid impact. 302
Energy system design 303
Baseline -no ZEB target 304
For comparison, we first investigate which solution people would choose if only minimising costs without 305 posing the ZEB restriction. Figure 6 shows that the most economic way to serve the passive building with 306 energy, is to install a micro CHP unit of 3,5 kWel which provides both heat and electricity. To cover peak 307 heat demand, a gas boiler, an electric top-up coil and a heat storage are installed. In addition, it is 308 profitable to invest in 14 kWp of PV, both because of the FiTPV of 11 ct/kWh, and the saved costs of 309 imported electricity due to self-consumed PV. Since the roof area of the building is not restricted, this is 310 an inner optimum. Even without the FiTPV, it is profitable to invest in 7 kWp PV. This supports the claim 311 that PVs have reached grid-parity in Germany. 312
'Strictly' ZEB 313
When the building is to be strictly ZEB, all energy consumed by the building has to be compensated by 314 on-site energy generation. Figure 6 shows the investment decision when using the CO2 factors given in 315 Table 4 . CHP is still the most economic way of serving the building with heat and electricity, despite its 316 high investment cost. There are two reasons for this. First, the alternative cost of electricity for the 317 building owner at 24 ct/kWh, is far above the gas price at 5,5 ct/kWh. As the CHP unit generates both 318 0,55 units of heat and 0,33 units of electricity from the same gas unit, the self-generated electricity from 319 the CHP is highly valued. Secondly, the feed-in tariff for PV compensates for much of the investment cost 320 of the PV, and thus, reaching the annual net zero balance is met by adding more PV as it constitutes little 321 additional cost for the building owner. This is confirmed in Figure 6a where the total cost of the 'strictly' 322 ZEB only increases by 2-4 % compared to Baseline. This means that it is profitable to invest in more PV 323 (46 kWp) to compensate for the weighted energy imports from using natural gas, rather than reducing the 324 weighted imports to the heat generation itself. If using the primary energy factors given in Table 4 , instead of the CO2 weighting factors, the energy 333 system design remains the same. The only difference when changing the weighting factors is the PV size, 334 which is determined by the relationship between the weighting factor of electricity export and natural gas 335 import, given in Table 8 . Readers who are interested in the details of these findings, please see Appendix. 336
Hence, we can conclude that whether the ZEB is a Zero Emission or a Zero Energy Building does not 337 impact the heat technology choice. 338
When the FiTPV is applied together with the ZEB target, it makes the fossil based heat technology choice 339 remain unchanged. Due to the FiTPV the ZEB target is met by adding more PV to the building, rather than 340 reducing the weighted energy imports for heating purposes, by switching to renewable heating, and this is 341 done without increasing the cost for the building owner significantly. 342
'Nearly' ZEB 343
The ambition level of the ZEB reflects how 'near' to zero the ZEB target is set. Figure 7 shows the 344 investment results of a 50 % nearly ZEB target when using CO2 factors. Compared to Baseline, the only 345 difference is found in the size of the PV which is doubled from 14 to 30 kWp. Notice also that the self-346 consumption starts at 80 % in Baseline and decreases towards 40 % in the 'strictly'ZEB case. This 347 logically reflects that the more PV that is installed, the smaller amount of the generated PV electricity the 348 building is able to consume itself. 349 As a conclusion, when relaxing the ZEB target aiming at a 'nearly' ZEB, the size of the weighted energy 350 imports remains unchanged, meaning that the building is still very energy efficient. However, a 'nearly' 351 ZEB will claim a smaller amount of weighted energy exports, leading to a smaller PV size, which is 352 important for the grid impact (see Section 4.2). 353
Grid impact 354
The hourly operation of the building is necessary for understanding its net electric load profile. This 355 section first investigates the hourly optimal operation of the energy system of the 'strictly'ZEB, which lies 356 the basis for understanding the net electric load characteristics of the building. 357
Hourly load characteristics of the 'strictly' ZEB 358
The hourly operation of the building is best seen by investigating the heat and electricity balances in 359 parallel. In the following, three consecutive days in summer are analysed. Figure 8 and Figure 9 show the 360 hourly operation of the building of heat and electricity balances respectively. The black solid lines indicate 361 the hourly heat or electricity demand of the building, which are inputs to the model. 362
The heat generation in Figure 8 shows that during daytime, the CHP is only run if the heat storage is 363 empty, and never such that CHP electricity is exported to the grid. This is because the marginal cost of 364 operating the CHP and the heat storage is higher than the income of selling CHP electricity for export. 365
When the sun sets and the PV no longer generates electricity (see Figure 9 ), the CHP unit is run such that 366 it covers the heat demand and fills up the heat storage, provided that its electricity generation does not 367 exceed the electricity consumption of the building. 368 
370
The net electric load of the building is the blue dashed line in Figure 9 , which shows that electricity is 371 exported during daytime, reaching maximum values of up to 31,3 kW. In the evening, even though the 372 CHP is run at its maximum, it is not able to cover the evening peak electricity demands, and thus the 373 building imports electricity in the late hours from 19hr -24hr. 374
On the coldest winter day, when heat demand is high, the CHP is operated at maximum load all 24 hours. 375
The gas boiler (GB) is also run throughout the day, while the electric top-up coil and heat storage is 376 contributing at peak heat hours. As the CHP unit also runs during daytime, its electricity generation is 377 added to the PV generation. On a sunny day in February, this may result in export values up to 30,7 kW 378 because of the relatively low electricity demand of the household during daytime. Consequently, the 379 maximum electricity export from the building in winter is not very different from the one in summer (see 380 also 
Comparing grid impact of 'no', 'nearly' and 'strictly' ZEB 382
When plotted for a whole year, the hourly net electric load profiles for 'strictly'ZEB (equal to the blue 383 dashed line in Figure 9 ) becomes like shown in Figure 10 . For comparison, the Baseline with 'no'ZEB is 384 also plotted. The positive values indicate electricity imports to the building, and negative values export. 385
When sorting the hourly net electric load, we obtain load duration curves as shown in Figure 11 . In 386 'no'ZEB, the installed PV size is 14 kWp, which is doubled to 30 kWp in 'nearly'ZEB, and more than 387 tripled to 46 kWp in 'strictly'ZEB. Thus, the largest difference in their net electric load duration curves 388 occurs in the peak export hours, from 9 kW, to 20 kW and 31 kW. The import values, however, are 389 unchanged as the operation of the CHP is not altered. As seen in Table 6 , the annual export of electricity is 390 five times higher for the 'strictly' ZEB reference case compared to the Baseline case. Notice that in both 391 cases, the peak export values are lower than the installed PV capacity due to some self-consumption, and 392 to the fact that the PV generation seldom reaches its installed capacity due to inverter efficiency and 393 clouds. 394 Figure 10 Net electric load profile for baseline ('no' ZEB) and 'strictly' ZEB case, both with CHP serving the base heat load (kWh/hr). 
Sensitivity analysis
395
The first findings show that the optimal technology choice is fossil based, regardless of whether the ZEB 396 target is Zero Emission or Zero Energy, and whether the ZEB level is 'nearly' or 'strictly'. Section 4.1 397 investigates how changes of future energy market parameters might alter the optimal energy system design 398 towards renewable heating choices of a 'strictly' ZEB. Whereas Section 4.2 analyses how the energy system 399 design affects the building's grid impact. The 'strictly'ZEB case from Section 3 is in the following denoted 400 as ZEBref. 401
How robust is the choice of CHP? 402
When looking into the future, several parameters may change from today's conditions. According to EU's 403 energy and climate policy, EU shall have 80 % renewable energy in their electricity production mix within 404 2050, which will lower the weighting factor for electricity. Further, the electricity price in the power 405 market is also expected to decrease as the marginal cost of renewable electricity production is close to 406 zero. Further, the political landscape in Europe could change, and if gas imports are restricted, and/or gas 407 demand increases, the gas price might increase. The investigated sensitivities are shown in Table 5 . 408 410 Figure 12 Results of the sensitivity analysis. Influence of higher gas price (ct/kWh), lower electricity price (ct/kWh), reduced weighting factors for electricity (gCO2/kWh) and lower FiT for PV (ct/kWh), on installed capacity (kW) and total discounted cost (1000 EUR). Figure 12 shows that when the gas price increases by 20 %, the CHP is still a cost optimal choice. 412
Higher natural gas price 411
Increasing the gas price further, the gas boiler is replaced by a bio pellets boiler. Notice that the PV size is 413 reduced by 31 % because bio energy has a lower weighting factor compared to natural gas, leading to 414 smaller amount of required weighted energy export. 415
Lower electricity price, PEL 416
Today's electricity price on the EEX 5 electricity market is about 3-4 ct/kWh, so the main part of the end-417 user price of 24 ct/kWh consists of taxes. Even though the market price of electricity might decrease, it is 418 still unclear how the end-user price will evolve because it is mainly influenced by policy makers -it might 419 stay constant, or it could decrease towards levels as in Norway and Sweden. Regardless of the actual 420 development, it is of interest to see how the energy system design would be affected by a lower electricity 421
price. 422 Figure 12 shows that reducing the electricity price from 24 to 19 ct, the electricity generated from the CHP 423 becomes less valuable as the alternative price for electricity from the grid decreases, and thus, the gas 424 boiler is chosen instead of the CHP. Reducing the electricity price further to 12 ct/kWh (also for the HPs), 425 a gas boiler is still the preferred option, but the electric boiler for peak load increases slightly. Reducing 426 the electricity price below the FiTPV to 9,6 cent/kWh, the building gets more paid for PV electricity sold 427 to the grid than what it buys, which is not a realistic option. 428
The electricity price thus only affects the cost-competitiveness of the CHP. Higher electricity price, the 429 more cost-optimal is the CHP. Lower electricity price leads to the next best heat technology choice, which 430 is GB. Notice that the heat pump is still not a viable option due to its relatively high investment costs, 431 even though the fuel costs are low. 432
Lower electricity weighting factor, fEL 433
Reduced CO2 factor for electricity would intuitively lead to less need of installed on-site energy 434 generation (PVs) as the imported electricity is "greener". However, as the findings in Figure 12 show, the 435 opposite effect occurs. The reason lies in the strictly zero restriction, because not only is the imported 436 electricity less polluted, but the exported electricity also displaces less pollution in the grid. In order to 437 compensate for the unchanged amount of imported natural gas, the amount of exported PV electricity 438 increases as the weighting factor for electricity decreases. Because of the FiTPV, the increased PV size 439 influences total cost little, and the preferred heat technology remains unchanged. However at 130 g/kWhel, 440 it is necessary to change towards more renewable heat generation, but the heat pump is still not chosen 441 due to its higher investment and fuel costs compared to the bio boiler. 442
Reduced FiTPV 443
If the FiT for PV is reduced, Figure 12 shows that the CHP is still the favoured heat technology however, 444 the peak heat load is covered by a BB instead of a GB. Also notice that the total cost has increased as 445 expected, because of the lower income from the exported PV. When removing the FiT for PV, the 446 building owners may sell their PV electricity in the electricity market, which was about 3-4 ct/kWh in 447 2012-2015 [40] . Without the FiTPV, the PV installation becomes more expensive and it is necessary to 448 reduce the emissions from the heat generation, and a BB is chosen for both peak and base load heat 449 demand. 450
The FiT is introduced to give incentives for the end-user to invest in local energy generation. However, 451 when applied together with the ZEB requirement that demands PV in the first place, the FiTPV leads to 452 lowering the total cost for the building owner. This makes it profitable to use fossil fuels for covering heat 453 demand, at the cost of higher installed PV and consequently higher electricity exports from the building. 454
When reducing or removing the FiTPV, the building's possibility of reaching the zero balance becomes 455 more expensive, and the fossil fuelled heat generation is replaced by a greener alternative, the bio pellets 456
boiler. 457
Increased RES in the grid -Combining lower fEL and FiTPV
458
When more renewable energy sources (RES) are introduced in the electric power system, most likely the 459
FiTPV will decrease along with the weighting factor for electricity (fEL). Hence, three model cases 460 30%RES, 50%RES and 80%RES are developed by combining the two. Figure 14 shows the results. 461 Figure 13 Results of greener electricity production mix. Influence of reduced weighting factors for electricity (gCO2/kWh), combined with lower FiT for PV (ct/kWh), on installed capacity (kW) and total discounted cost (1000 EUR).
462
As found in Section 4.1.3, when the weighting factor, fEL, is reduced (from ZEBref to 30%RES) while 463 everything else stays constant, this leads to increased PV area, but the heat technology unaffected. As the 464
FiTPV is unchanged at 11 ct/kWh, the total cost increases with only 3 % even though the PV size is 30 % 465 larger. In 50%RES, the fEL is reduced further, which contribute to larger PV size and higher costs if not 466 changing the heat technology. Hence, the heat technology is changed to a BB, and even though the PV 467 size is reduced, the halved FiTPV and the more expensive BB makes the total cost increase with 22 %, 468 when compared to ZEBref. 469
When the FiT is removed in 80%RES, together with further decreased weighting factor for electricity, a 470 HP is installed. Even though the electricity price is unchanged and the technology costs are unchanged, 471 lowering the weighting factor for electricity to 70 g/kWh and removing the FiTPV makes the heat pump a 472 cost-optimal choice. The reason is as follows. When the electricity weighting factor is decreased, a ZEB 473 with BB will need to increase its amount of PV exports. When reducing the FiTPV, the increased PV size 474 will become more expensive. Reducing one at a time, Figure 12 showed that BB was chosen in both cases. 475 However, when reducing both the FiTPV and the electricity weighting factor simultaneously, the choice 476 finally becomes HP. Another option is to increase the weighting factor for bio energy, however this is not 477 investigated in the current work. 478
Concluding comment on Investment Decision 479
Because the price of electricity is high compared to the other energy carriers (see Table 3 ), the benefit of 480 generating your own electricity makes CHP the favoured heat technology choice. 481
The choice of CHP seems to be very robust when changing each input parameter separately. A lower 482 electricity price was the only thing that could make the CHP less profitable, as the cost of the electricity 483 generated from the CHP becomes higher than the price of electricity from the grid. 484
When reducing the FiT and the weighting factor for electricity simultaneously have a larger effect than 485 lowering the electricity price alone. The sensitivity analysis also shows that the opportunity window for 486 HP is narrow (see more in Section 5.3). 487
Comparing the technology choices in Figure 12 shows that whenever BB, or CHP, is chosen as main heat 488 technology, the composition of the other heat technologies in the ZEB building is the same. That is, in the 489 cases that lead to investment in BB (e.g. higher gas price or lower electricity price), the composition of 490 installed capacity of the BB, electric boiler, and storage are identical, regardless on what grounds the 491 choice was made. When the installed capacity is the same, the annual energy consumption is the same, 492 and the optimal hourly operation is also identical. 493
The findings in Section 3, together with the sensitivity analysis in this section, show two main trends that 494 are important for the grid impact. 1) once the main heating technology is determined, the hourly heat 495 operation is identical; and 2) the ZEB level only affects the PV size, which is critical for the grid impact. 496
How does the energy system design affect the ZEB's grid impact? 497
Another finding of the sensitivity analysis in Section 4.1 is that the PV area changes with the choice of 498 heat technology. From Section 3.2, we know that the PV size is decisive for the grid impact of the ZEB. 499
Thus, it is interesting to see how the grid impact is affected by the main heat technology choice, while 500 keeping all other input variables unchanged. Thus, this section analyses the grid impact of a 'strictly' ZEB 501 with four different main heating technologies; BB, HP, GB and CHP. Their grid impact is further 502 compared to the grid impact of 'no'ZEB and 'nearly'ZEB from Section 3.1. Table 6 summarises the 503 findings elaborated on in the following. 504 Figure 14 shows how the net electric load duration curve is influenced by the main heat technology 508 choice, i.e. GSHP, BB, GB and CHP, for a 'strictly' ZEB. The positive part of the load duration curve, i.e. 509 the electricity import, is identical for ZEBs with BB or GB as the operation of the boiler do not influence 510 the electricity imports. A ZEB with CHP has the lowest duration curve for electricity imports. As found 511 in Section 3.2.1, this is because all electricity generated from the CHP is self-consumed, and hence, the 512 net electric import curve is shifted downwards 2-3 kWh/hr compared to a ZEB with a boiler (GB or BB). 513
When using a heat pump, the electricity imports increase, as electricity is also used for heating purposes. 514
However, the net imports of the ZEB with HP in Figure 14 is only 0,5-1 kW higher compared to the 515 boilers. There are two reasons for this; 1) the low heat demand of the building, and 2) the high seasonal 516 COP at 4,5. The largest difference occurs in the peak import value of 18 kW for the HP, which is caused 517 by the electric top-up coil in peak heat hours. As shown in Table 6 , the peak import value with HP is about 518 40 % and 70 % higher when compared to a ZEB with a boiler or CHP, respectively. 519 Figure 14 Duration curves of the net electric load for 'strictly' ZEBs (kWh/hr). Comparing cases with HP, BB, GB or CHP serving the base heat load, respectively.
520
The load duration curve for electricity export is heavily influenced by the size of the PV. Table 6 shows 521 that the fossil fuelled heat technologies require the largest PV size, which is reflected in the peak export 522 values reaching 31 and 33 kW for CHP and GB, respectively. The shape of the duration curve of 523 electricity export is also very similar for these two. The BB has a similar shape, though the export values 524 are smaller. The shape of the HP electricity export differs from all the other heat technologies as it has the 525 least amount of hours with export, but as soon as it starts exporting, the curve becomes steeper, and finally 526 reaching a maximum export value of 25 kW. 527
Lastly, we observe for ZEB with HP, that import values between 50-100 % of the peak import only occurs 528 in 3 % of the hours. This is due to the price structure of electricity in this case study, which do not have a 529 component for maximum load from the grid. This may cause problems for electricity grids with 530 transmission capacity limitations, or for electric power systems with capacity limitations for flexible 531 generation, which hence must provide capacity payment in so-called capacity markets. 532
Self-consumption 533
For a ZEB with either GB or BB, the boilers are operated to cover heat demand only, and consequently do 534 not influence the way the building is utilising the electricity grid. Therefore, the self-consumption is only 535 related to how much of the PV that can be utilised for the building's electric specific demand (i.e. 536 appliances, lighting, fans&pumps). Because of the larger PV size of the GB compared to the BB, the self-537 consumption rate is 27 % with GB and 37 % with BB, even though the amount of self-consumed PV is the 538 same, at 13-14 MWh/yr. 539
A HP on the other hand, can shift its operation to consume PV generated electricity by utilising the heat 540 storage. However, the self-consumption only increases by 3 MWh/yr compared to the BB because the heat 541 demand is low when the sun shines. Even though the amount of self-consumed electricity is higher for the 542 HP case, the share is only 3 %-points higher compared to the BB due to the larger PV generation (41 vs. 543 36 MWh/yr). 544
The highest amount of self-consumed on-site electricity generation, and thus the lowest amount of annual 545 electricity imports of 8 MWh/yr, is found when CHP is the main heating technology. In Section 3.2.1, the 546 CHP was found to be operated such that all the on-site CHP generated electricity is self-consumed. This is 547 confirmed in Table 6 where no CHP electricity is exported to the grid, and the self-consumption at 26 548 MWh/yr is twice as high compared to the ZEB with a boiler. 549
Additional grid connection capacity 550
The GM-ref is the relation between the peak export and a reference peak import value, and reflects the 551 need for additional grid connection capacity for the building compared to a reference building without on-552 site electricity generation. Table 6 shows that the GB and the CHP in theory demands 2,5 higher grid 553 connection capacity, whereas the BB demands 70 % more. 554
Concluding comment on Grid Impact 555
From the findings above, we may conclude that the CHP and GB have the highest peak export value, the 556 HP somewhat lower, and the BB the lowest export value. It is surprising that even though the CHP has the 557 highest self-consumption, the peak export value is still one of the highest. The reason lies in the use of 558 natural gas which demands a large PV area. The maximum export value occurs in summer when heat 559 demand is low, and therefore, is determined by the PV size alone. If bio gas had been used in the CHP, the 560 PV size would have been smaller, and thus, the CHP case would have had the lowest export value and the 561 highest self-consumption rate, i.e. the lowest grid-impact. 562
Discussions
563
The results of this study are dependent on the assumptions made, especially regarding the level of ZEB, 564 the value of the weighting factors, fuel prices and cost of the available technologies. However, there are 565 some general characteristics of ZEBs that become evident from the investigated cases in this paper. 566
PV size 567
The findings in this paper reveals three elements of the PV size in ZEB buildings: 1) A minimum PV size 568 is determined by the electricity specific demand, regardless of the electricity weighting factor, and 2) The 569 total PV size is determined by a) the ZEB-level and b) the weighting factor of the electricity grid. 570
Electric specific demand of the building is present 24 hrs a day, also when the sun is not shining, and thus 571 a minimum amount of imported electricity to the building is always required. This means that the building 572 needs to export at least the equal amount of electricity, regardless of the weighting factor, as long as it is > 573 0. Therefore, a ZEB needs a minimum PV size, only determined by the electric specific demand, 574 regardless of PV cost nor the weighting factor of electricity. In this case study, this minimum PV size is 575 about 30 kWp. When compared to the four 'strictly' ZEB cases in Table 6 , the additional heat determined 576 PV size ranges from 3-18 kWp, dependent on fuel. Thus, it is evident that the electric specific demand 577 dominates the determination of the PV size. 578
Whether the building is a 'nearly' or 'strictly' ZEB, is directly reflected in the PV size. Here, the 579 'nearly'ZEB has 35 % smaller PV size compared to the 'strictly'ZEB (see Figure 6 and Table 6 ). 580
The sensitivity analysis of the weighting factor of electricity revealed another aspect of the PV size. If the 581 heat technology is a CHP, a greener electricity grid (i.e. lower factor of electricity) claims a larger PV 582 size. As the exported PV must compensate for the amount of weighted gas imports (which is unchanged), 583 a lower weighting factor of electricity reduces the value of the weighted exported electricity. Hence, the 584 amount of electricity export has to increase in order to reach the zero target. The same applies for ZEBs 585 with other heating technologies. The exemption is HPs, where the weighting factor does not influence the 586 PV size at all as it is an all-electric building. 587
Storage size dependent on heat technology 588
Investigations of the hourly operation reveals that the storage size of the boilers (GB and BB), depends on 589 the peak heat load in winter, and the cost of the base load technology. The gas boiler has a relatively low 590 investment cost, thus the size of the GB is high, whereas the storage size is small. The bio boiler have 591 higher investment cost, leading to larger peak load unit and larger storage size. However, when heat 592 pumps or CHP is chosen, the storage size is larger as the storage is sized for summer conditions. In the 593 case of CHP the storage is sized to store heat generated at night time, to cover the morning peak heat 594 demand. The heat pump on the other hand operates during daytime when PV electricity is available, and 595 the storage is dimensioned to cover the heat demand at night. As discussed in Section 2.2.3, the size of the 596 heat storage should be used with care, as they rely on an assumption of ∆T = 30°C. 597 
599
It can also be mentioned that a seasonal heat storage was never an economically beneficial decision, 600 regardless of storage efficiency. A seasonal storage would enable PV electricity being stored as heat in 601 summer and used for heat demand in winter. However, as the building must export electricity to reach its 602 annual zero requirement, there is no benefit of storing heat seasonally. 603 investments. However, because the investment cost and operational cost of the HP is more expensive than 607 the BB, the sensitivity analysis shows that both the FiTPV and the weighting factor for electricity must be 608 reduced substantially to make the HP a cost-optimal choice over a BB. 609
Heat pump opportunity in ZEBs
When moving from fossil fuelled to renewable heat for the ZEB building, the BB is a more cost-efficient 610 choice compared to the HP. Even reducing the electricity price did not affect this solution. The reason lies 611 in the weighting factor of bio energy which demands a smaller PV size compared to the HP. The choice of 612 whether to install HP or BB is thus influenced by 1) the investment and fuel cost of the heat technologies 613 on the one hand, and 2) on the FiTPV and PV installation cost on the other hand, which determines the 614 cost of compensating the weighted energy imports to the building. 615
Solar thermal never chosen 616
For none of the cases investigated, solar thermal (ST) was profitable. In general, using solar thermal (ST) 617 collectors reduces the need for alternative heat generation, which subsequently reduces the weighted 618 energy imports and therefore lowers the required PV investment to balance them off. Thus, the choice of 619 investing in ST is determined by the trade-off of saved fuel costs for alternative heat generation, together 620 with lower investment costs of PV panels, versus the investment costs of ST. As the heating technologies 621 are dimensioned to cover the peak heat load in winter, they are very well capable of also covering the heat 622 demand in summer. Hence, installing ST does not reduce the installed capacity of the heating 623 technologies, but only saves the fuel costs. In order for the ST to be chosen, the specific cost had to be 624 reduced by 75 % to 200 EUR/m 2 , with a size of 14 m 2 . When studying the hourly operation, it is seen that 625 this size fits well with the domestic hot water demand in summer. This confirms the findings in [45] which 626 investigated ways of finding the optimal size of a ST system, and found that cost minimization would lead 627 to no investments in ST at all, and consequently developed an alternative algorithm for sizing of the 628 system. Further, our findings are also in line with [7] which concluded that if available roof area is limited, 629 then it is more beneficial to use it for PV panels compared to ST collectors, despite the higher efficiency 630 of the ST. 631
Aspects not considered 632
The analysis is performed on a single building containing 10 apartments, thus the possible benefits of 633 utilising different energy sources in a local energy system for several buildings is not a part of the present 634 work. Sensitivity analysis of future development of the technology costs is not performed in this paper, 635 even though the modelling framework allows for this. Bio gas is not included in the analysis. If this had 636 been done, dependent on price, the optimal technology might be CHP fuelled by bio gas rather than 637 natural gas. The weighting factor of district heating is quite high for the present European conditions as it 638 is linked to the thermal power plants. As for the weighting factor of electricity, this may change in future. 639
Electric storage can be a viable option with the present support system of batteries in Germany, which will 640 be implemented in future work. 641
Conclusion
642
This paper identifies the most important factors that influence the grid impact of a ZEB situated in 643
Germany. The analyses are performed using a MILP model which finds the cost-optimal energy system 644 design within the ZEB. 645
We find that whether the building is a 'nearly' or 'strictly' ZEB building impacts the import/export 646 situation of the building, but it does not affect the choice of energy technologies. The cost-optimal 647 technology mix is thus the same, however the PV size increases by 53 % when going from 'nearly' to 648 'strictly' ZEB. This directly affects the grid impact, and the peak export value is increased by 55 % from 649 20 to 31 kW. 650
Whether the ZEB balance is calculated using CO2 factors (Zero Emission Building) or primary energy 651 factors (Zero Energy Building), the choice and size of energy technologies are not altered. In this case 652 study, a CHP combined with a GB, EB and PV is the cost-optimal technology choice independently of 653 whether the building is a Zero Emission or a Zero Energy Building. The only exemption is the size of the 654 PV, which is determined by the relation between the weighting factor of electricity export and the factor 655 of the other energy carriers. The closer the weighting factor of electricity is to the weighting factor of the 656 other energy carriers, the larger PV size is required to reach the ZEB balance. 657
The choice of whether to use a CHP, GB, BB or HP to cover the base load of the heat demand, is a trade-658 off between the investment & fuel cost, and the cost of the PV which generates the weighted energy 659 exports. On the one hand, CHP or GB has the lowest costs, but also the highest weighted energy imports, 660 which requires the largest PV size. On the other hand, BB or HP has higher costs, but lower weighted 661 energy imports, leading to smaller PV size (see Table 6 ). The present FiT of PV in Germany, makes the 662 additional cost of a larger PV size negligible compared to the saved fuel and investment costs by using 663 natural gas for heating. In other words, the choice of heat technologies of a ZEB is dependent on the trade-664 off between higher costs for renewable heat generation vs. saved costs of smaller required PV size. 665
For ZEBs with HPs or BBs, it is the electric specific demand that dominates the required amount of 666 energy generation, i.e. the PV size. First, because of the relatively low heat demand, and secondly, 667 because the weighting factor of biomass is low and the efficiency of HP is high. In this case study, the PV 668 size determined by the electric specific demand is 30 kW. In the case of the BB or HP, this corresponds to 669 91 and 70 % of the total required PV capacity, respectively. 670 Solar thermal (ST) is not a cost-optimal choice in any of the investigated cases. ST competes with the fuel 671 cost of alternative heating technologies and not with the PV. The only benefits for the ST are the saved 672 fuel costs for heating and the lower PV investment costs, which are not enough to make it economically 673 attractive. 674
Onsite PV installation leads to challenges for the grid in peak hours when the generation exceeds the 675 electricity consumption within the building, creating large export values. A ZEB with fossil fuelled 676 heating technologies requires the largest PV installation, and has consequently higher grid impact. When 677 compared to a ZEB which uses bio fuel, the annual export of electricity to the grid is 73 % higher, the 678 maximum export value is 41% higher, and the self-consumed PV is reduced to about 25 %. 679
In future, the FiT of PV is most likely to be reduced or even removed. When removing the FiTPV, the 680 findings from the sensitivity analysis show that BB is the preferred heat technology. A HP is not a cost-681 optimal choice until the weighting factor of electricity is reduced by 80 % (equal to 70 g/kWh). Thus, 682 using bio energy for heating purposes seems like a robust technology choice for ZEBs in the future. 683
However, is there enough resources available to cover this demand if all Germany is to be heated by bio 684 energy? Thus, for future policy development, it might be an option to assess a direct investment subsidy, 685 not only for CHPs, but also for heat pumps. 686
One of the main takeaways from this paper is that applying both the ZEB target and the FiTPV lead to 687 fossil fuelled based heating technologies with a large PV area. This contradiction should be addressed 688 when the political definition of ZEB buildings is determined. A mayor concern is also the design of the 689 ZEB definition. There are certain reasons for wanting specific heating technology choices in some 690 countries, and the value of the weighting factors can affect this decision. 691 814 When applying asymmetric factors for electricity, where export (2,0) is valued less than import (2,3 or 815 2,5), the incentive for self-consuming on-site PV generation increases. The findings from Figure 6 shows 816 that the only change from symmetric to asymmetric factors is increased PV area. Due to the optimal 817 operation strategy of the model, the self-consumption is already maximised, and the imported electricity is 818 already minimised. By applying the asymmetric factors for electricity, the exported generation is less 819 valued when calculating the balance, and thus the building needs to export more kWh's in order to reach 820 the zero balance. 821
Summed up, the only difference when using either CO2 or primary energy factors, is the size of the PV 822 system. The PV size is determined by the relationship between the factors of electricity exports and 823 natural gas imports, given in Table 8 . The lower weighting factor of the electricity export is, compared to 824 the weighting factor of the gas import, the larger amount of annual electricity export is required to 825 compensate for the energy imports. In Table 8 , the CO2 factors have the smallest difference between the 826 weighting factor for electricity export and gas import and requires thus the largest PV size, which is 827 confirmed by the findings in Figure 15 . 828 Total cost (right) Figure 16 Annual energy generation (MWh/yr) in the baseline case (noZero), compared to when applying five different ZEB targets: zero emission, zero non-renewable primary energy (symmetric and asymmetric), and zero total primary energy (symmetric and asymmetric).
829
The annual energy generated from each of the technologies is shown in Figure 16 , where the CHP unit 830 provides 79 % of the heat demand and the gas boiler 20 % regardless of weighting factor. The electric top-831 up coil only contributes with 1 % to cover peak heat demand and is hardly visible in the graph. 832 Table 8 Relationship between weighting factors for electricity and natural gas, and between electricity and bio pellets. 
